Background: Breast cancer related lymphedema (BCRL) is a prevalent complication secondary to cancer treatments which significantly impacts the physical and psychological health of breast cancer survivors. Previous research shows increasing use of low level laser therapy (LLLT), now commonly referred to as photobiomodulation (PBM) therapy, for BCRL. This systematic review evaluated the effectiveness of LLLT (PBM) in the management of BCRL. Methods: Clinical trials were searched in PubMed, AMED, Web of Science, and China National Knowledge Infrastructure up to November 2016. Two reviewers independently assessed the methodological quality and adequacy of LLLT (PBM) in these clinical trials. Primary outcome measures were limb circumference/volume, and secondary outcomes included pain intensity and range of motion. Because data were clinically heterogeneous, best evidence synthesis was performed.
Background
With improvements in early detection, diagnosis, and treatment of breast cancer, as well as an increase in breast cancer incidence, the number of breast cancer survivors is growing [1] . It is estimated that nearly 82% of women survive at least 10 years after diagnosis in developed countries (e.g. Europe, United States, and Japan) [1] . In New Zealand, the 10-year survival rate is estimated to be 92% with regular mammogram detection [2] .
While this is encouraging, a considerable number of breast cancer survivors suffer from secondary lymphedema due to cancer related treatments (surgery and/or radiation therapy). Despite efforts to reduce lymphedema rates with new surgical techniques like the sentinel node biopsy technique replacing the axillary dissection as a standard for clinically node negative patients, breast cancer related lymphedema (BCRL) remains a relevant concern. A recent systematic review estimated that more than one out of five women who survive breast cancer are affected by BCRL [3] . This is in concordance with New Zealand specific data; it was estimated that the incidence of BCRL in New Zealand is 23.3% [4] . BCRL has a significant impact on breast cancer survivors, including declined physical function and increased disability, which negatively affects quality of life [5] [6] [7] [8] . While the mainstay of BCRL management approaches include compression garments, manual lymphatic drainage, and remedial exercises [5, 9, 10] , these interventions are usually time-consuming and poorly adherent (or unacceptable). There is a clear need for interventions to target the symptoms of BCRL and improve the wellbeing of these survivors.
Over the past two decades, low level laser therapy (LLLT) or photobiomodulation (PBM) has been promoted and researched for the management of BCRL. LLLT (PBM) is a non-invasive form of phototherapy that utilizes wavelengths of light between 650 and 1000 nm to deliver low irradiance and doses to the target tissue. It has been used to reduce inflammation, promote lymph vessel regeneration, improve lymphatic motility, and prevent tissue fibrosis [11] [12] [13] [14] . It has been reported to be a safe technique [15] . Figure 1 illustrates an example of this technology.
Information on the basic mechanisms of LLLT (PBM) and a range of cellular effects have been demonstrated using a variety of cell types (fibroblasts; lymphocytes; osteoblasts; stem cells; smooth muscle cells) and in vitro [16] [17] [18] [19] [20] [21] [22] [23] [24] . These effects are the result of primary reactions involving absorption of specific wavelengths of light by components of the mitochondrial respiratory chain such as cytochromes, cytochrome oxidase, and flavin dehydrogenases; these result in changes in reduction-oxidation reaction (REDOX) status of cytoplasm and mitochondria, which in turn leads to increased levels of adenosine triphosphate (ATP) [25] .
These primary reactions stimulate a cascade of secondary reactions at cellular level involving intracellular signalling and leading to stimulation of cytokine reactions, and nitric oxide (NO) production [17, 26] ; release of growth factors [27] [28] [29] ; up-regulation of ATP [30, 31] , and increased metabolism, changes in REDOX signalling, increased reactive oxygen species (ROS) and therefore cell proliferation [30] [31] [32] .In addition, stimulation of lymphatic vessels [33] , and on lymphocytes [34] have been reported, as well as increases in local fluid circulation [35] .
Previous literature reviews indicated promising effects of LLLT (PBM) for women with BCRL [15, 36, 37] . However, results were not robust due to a lack of formal synthesis methodology [15, 36] , and the single metaanalysis did not perform subgroup analysis [37] . In order to address these issues, we aimed to conduct an updated systematic review of all available evidence from published clinical trials, including evidence from Chinese trials (with help of a Chinese collaborator), on the effectiveness of LLLT (PBM) for adult women with BCRL. Additionally, an assessment of treatment adequacy was carried out to examine the accuracy and clinical appropriateness of the treatment regimen of LLLT (PBM) in this area. 
Methods

Protocol and registration
The review protocol was not registered.
Search strategy
A comprehensive computer-aided literature search was undertaken in three English databases (PubMed, AMED, and Web of Science) and a Chinese database (CNKI) that includes grey literature (e.g. theses, conference proceedings), from their inception until November 2016. Search terms used were (cold laser OR laser OR laser light OR low-energy laser OR low-intensity laser OR low-level laser OR laser therapy OR photobiomodulation) AND (lymphedema OR lymphoedema OR swelling OR edema OR oedema) AND (breast cancer) with slight modifications for individual searches in each database (see Additional file 1 for search strategy). Additional articles were sought by manual screening of reference lists of all retrieved papers. Professionals working in the field were contacted to identify potential articles. Publication status was not restricted. No language restrictions were applied, provided there was an abstract available in English, as translation services were available.
Inclusion criteria
Studies were considered eligible for inclusion if they satisfied the following criteria:
(1)study design: clinical trials (e.g. randomized controlled trials (RCTs) and observational studies); (2)population: adult women who were diagnosed with BCRL; (3)intervention: LLLT/PBM therapy; (4)control (if applicable): there was no restriction regarding the control group, including no treatment or waiting list, sham therapy, and conventional therapy as any active treatment other than LLLT (PBM); (5)outcomes: clinically related outcome variables such as limb circumference/volume, pain intensity, range of motion, tissue resistance, tissue fluid, and subjective symptom.
Exclusion criteria
Studies that included patients with primary lymphedema or lymphedema secondary to pathologic entities other than breast cancer related treatment were excluded. Reviews, guidelines, surveys, commentaries, editorials, and letters were excluded.
Study selection
Two independent reviewers searched for potential articles by initially scanning the titles and abstracts to determine eligibility. Full papers were then reviewed for final inclusion. Differences between the reviewers were settled by discussion, and a third reviewer was consulted if differences persisted. Reviewers were not blinded to authors, institutions, publication journals, or study results.
Data extraction
Data were extracted independently by the two reviewers using two standardized spreadsheets (one for RCTs and one for observational studies) designed to record author(s) and year of publication, study population, intervention, control comparison (if applicable), cointervention, outcome measures, measurement timepoints, conclusions and funding sources. Consensus was reached by discussion. Authors of original studies were contacted if further information was needed.
Assessment of methodological quality
Methodological quality of included studies with RCT design was independently assessed by two reviewers using the physiotherapy evidence databases (PEDro) scale [38] .
There was no blinding of study identification in this process. Before the assessment started, each item in the scale was intensively discussed to achieve consistency in the following procedure. Agreement level between the two reviewers was measured by the kappa statistic (kappa index less than 0.4 indicated poor agreement, 0.4 to 0.75 fair agreement, and over 0.75 excellent agreement) [39] . Again, consensus was reached through discussion. If a disagreement persisted, an independent decision was obtained from another collaborator. Since there are no accepted cutoff scores for the PEDro scale, a study was considered as high quality if the total score was 5 or higher [15, 36, 40] . The classification of quality was used to grade the strength of the evidence in data synthesis.
Results synthesis
Primary analysis was based solely on the results from RCTs. The control groups, outcome measures, and the time points of follow-ups, were grouped according to the following criteria as a priori:
(1)control comparisons: sham therapy which was physiologically inert; no treatment or waiting list; conventional therapy including compression bandages or garment, pneumatic compression pump, manual lymphatic drainage, complex decongestive therapy, and limb exercise; (2)outcome measures: primary outcome: limb circumference/volume; secondary outcome: pain intensity and range of motion; (3)time points: at discharge: immediately after end of all treatment sessions; short-term follow-up: <6 months after treatment; long-term follow-up: ≥ 6 months after treatment [41] .
Outcomes of subgroup comparisons were summarized and evaluated. Meta-analysis was not performed due to the clinical heterogeneity and a limited number of included studies. Best evidence synthesis was conducted to generate final conclusions, taking into account the methodological quality, results of original studies, and numbers of RCTs that reported consistent findings (principal summary measures as effectiveness or non-effectiveness) [42] :
(1)Strong-consistent findings (more than 75% of RCTs report the same findings) among multiple high quality RCTs; (2)Moderate-consistent findings among multiple low quality RCTs and/or one high quality RCT; (3)Limited-one low quality RCT; (4)Conflicting-inconsistent findings among multiple RCTs; (5) No evidence from trials-no RCTs.
Assessment of treatment adequacy
LLLT (PBM) dosage parameters (e.g. wavelength, output power, power density (irradiance), energy density, and treatment area) of included studies (RCTs and observational studies) were used to judge the adequacy of treatment. Those parameters were compared to the World Association for Laser Therapy (WALT) guideline (https://waltza.co.za/documentation-links/recommendations/) [43] . Two reviewers who had extensive experience with research on laser applications independently assessed the adequacy and clinical appropriateness of the treatment dose, and resolved disagreement by discussion.
Results
Study selection
In total, 88 studies were identified through electronic and hand searches. After excluding duplicates and those which did not meet the inclusion criteria, 11 studies were finally included (see Additional file 2 for excluded articles). An observational trial conducted by Piller and Thelander was regarded as two studies in this review due to different follow-ups (preliminary results (1995) [44] and main findings (1998) [45] ). LLLT (PBM) treatment adequacy was assessed by these eleven studies. Data on the seven RCTs of the 11 studies were included in the effectiveness analysis; the remaining four studies were excluded as observational studies (Fig. 2) .
Study characteristics
Tables 1 and 2 present the main characteristics of the included RCTs and observational studies, respectively. All studies were published in English, and reported beneficial effects from LLLT (PBM). In the seven included RCTs, sample size ranged from 11 to 53. All trials measured limb circumference/volume, three (42.9%) measured pain intensity and range of motion. LLLT (PBM) was compared to sham laser therapy [46] [47] [48] , conventional treatments including manual lymphatic drainage [49] , pneumatic compression therapy [50] and compression bandage [51] , and a waiting list control [52] . Follow-up lengths varied widely amongst the RCTs. Two trials ended immediately after the treatment regimen [49, 51] , two trials followed patients for 1 month [48, 52] , and another two trial assessed patient outcomes up to 2 [47] and 3 months [46] , respectively. One RCT extended assessment time to 12 months [50] , which was considered as long-term follow-up.
Methodological quality assessment of RCTs
Results of the methodological quality assessment of the seven included RCTs are shown in Table 3 . Interrater agreement was excellent in the independent assessment process (kappa index of 0.82), and consensus was reached after discussion. Among the seven RCTs, six (85.7%) were regarded to be of 'high quality'. The major methodological quality issues with these RCTs were inappropriate concealed allocation (85.7%), lack of blinded trial assessor (85.7%), and lack of blinded therapists (71.4%).
Effectiveness of LLLT (PBM)
Due to a limited number of eligible RCTs, only posttreatment and short-term follow-up comparisons (<6 months after randomization) could be assessed. Subgroup analyses were conducted as planned: in total, comparisons of three control groups for primary and secondary outcomes were made as below. Table 4 summarizes the results of individual studies.
LLLT (PBM) versus sham laser (n = 3)
Three high quality studies [46] [47] [48] provided strong evidence that LLLT (PBM) was more effective than sham treatment for short-term (1 month post-treatment) total reduction in limb circumference. Two high quality studies [46, 48] provided conflicting evidence regarding the effects of LLLT (PBM) over sham laser on limb volume and shoulder mobility at the end of treatment. Two RCTs of high quality [46, 47] provided strong evidence suggesting similar effects from LLLT (PBM) and sham for range of movement in the affected limb in a shortterm follow-up. There was moderate evidence (based upon a single high quality study [47] ) supporting the effectiveness of LLLT (PBM) over sham laser for pain relief in a short-term follow-up (2 months post treatment).
LLLT (PBM) versus conventional therapy (n = 3)
Three high quality studies [49] [50] [51] provided conflicting evidence regarding differences between LLLT (PBM) and conventional therapy for short-term limb circumference reduction: two studies [50, 51] showed significant superior effects of LLLT (PBM) over compression (i.e. compression bandage and pneumatic compression) in limb girth at discharge; the other RCT [49] reported that LLLT (PBM) did not significantly differ in results from manual lymphatic drainage at the end of treatment. There was moderate evidence (one high quality RCT [50] ) that LLLT (PBM) and pneumatic compression therapy were not significantly different at a 3-month follow-up. For secondary outcome measures, only pain intensity was compared; however, findings from two studies (high quality) produced contradictory conclusions. LLLT (PBM) was significantly superior to compression bandage for pain relief post treatment [51] , whereas no significant differences were detected at treatment termination when compared with pneumatic compression [50] . There was moderate evidence (one high quality RCT [50] ) showing an equivalent reductions in pain intensity level from LLLT (PBM) and pneumatic compression therapy at a short-term follow-up (3 months post treatment).
LLLT (PBM) versus a waiting list control (n = 1)
One RCT of low quality (n = 21) [52] found statistically significant effects of LLLT (PBM) in decreasing arm volume over no treatment at 4-weeks follow-up, yielding limited evidence in this comparison. However, no differences for such a comparison were found between these two groups immediately post-treatment (limited evidence).
Application of LLLT (PBM)
Treatment parameters of LLLT (PBM) extracted from all 11 studies included in the review, and are displayed in Table 5 . The standard of reporting of the laser parameters in the included studies was poor and did not follow WALT recommendations [53] . The most common wavelength used was 904 nm, reported in 6/11 studies [46, 48-50, 54, 55] , three studies used a combination of two wavelengths [44, 45, 51] , and one study failed to report the wavelength used [52] . When it was reported, the most common energy densities were 1.5 J/cm 2 [46] [47] [48] 50 ] and 2.4 J/cm 2 [44, 45, 51] . The common sites of application were the cubital fossa and the axillary region. Regimes typically delivered 3 treatments per week with variation in the duration of treatment from 4 weeks to 12 weeks. Three studies provided shorter treatment cycles with an 8 week stand-down between cycles [46, 47, 55] .
Discussion
The primary aim of this systematic review was to evaluate the effectiveness of LLLT (PBM) in the management of BCRL. Findings support the use of LLLT (PBM) for treating women with BCRL. Based upon the best evidence synthesis, the current review provided strong evidence (three high quality trials) favoring LLLT (PBM) over sham in terms of reduction in limb edema at shortterm follow-up. For other comparisons, this review provided moderate evidence (one high quality trial) favoring LLLT (PBM) over sham for short-term pain relief, and limited evidence (one low quality trial) favoring LLLT (PBM) over no treatment for decreasing limb swelling at a short-term follow-up. As a relatively novel therapeutic tool for the treatment of BCRL, LLLT (PBM) has gained increasing popularity since its approval by the United States Food and Drug Administration in 2007. Over the past two decades, seven RCTs [46] [47] [48] [49] [50] [51] [52] and four observational studies [44, 45, 54, 55] have been published in this area. Since RCTs are considered as the gold standard of contemporary medical research, the current systematic review generated conclusions about effectiveness of LLLT (PBM) based on the seven included RCTs. It is encouraging to note that the methodological quality of identified RCTs was 'high' in accordance with the PEDro scale (over 5/10); findings of this review were considered to be robust. Nevertheless, there was extensive study heterogeneity in treatment protocols, comparators, outcome measures, and follow-up periods. Due to a limited number of included studies, a head-to-head comparison to determine a superior LLLT (PBM) treatment regime was not possible. Future research into this area is suggested, which could provide evidence to guide development of an optimal LLLT (PBM) therapy regime for symptom management of BCRL. This is the first systematic review applying best evidence synthesis to comprehensively evaluate the therapeutic value of LLLT (PBM) for BCRL. Findings from the review have strengthened conclusions of previous reviews [15, 36, 37] , and confirmed the effectiveness of LLLT (PBM) in the treatment of BCRL. While two previous reviews [15, 36] showed favorable results of LLLT (PBM) in reduction of limb volume and tissue hardness, it was argued that these reviews lacked formal analysis methodology, thus reliability of the conclusions was unclear. Smoot et al. conducted a meta-analysis [37] to synthesize evidence from intervention studies, and concluded that there was moderate-strength evidence supporting the use of LLLT (PBM) in the management of BCRL. Although this review was rated as 'moderate quality' (6/11) according to the Assessment of Multiple Systematic Reviews (AMSTAR) criteria (a validated instrument for quality assessment of systematic reviews) [56] , clinical appropriateness of pooling study results irrespective of control comparisons (lack of subgroup analysis) may limit the validity of the review conclusions.
Sham laser was typically set as a control arm in the included RCTs. Although the use of sham laser well satisfied the methodology requirement of double blinding to investigate the specific effects of LLLT (PBM), rationale for clinical utility of a novel treatment intervention (for instance, LLLT (PBM)) is best demonstrated against an accepted standard (best) therapy. This review found conflicting evidence regarding the effectiveness of LLLT (PBM) over conventional treatments, including manual lymphatic drainage, pneumatic compression therapy and compression bandage [49] [50] [51] , on limb circumference and pain intensity. Another systematic review evaluating a series of conservative therapies has demonstrated that LLLT (PBM) yielded a similar percentage of volume reductions (approximately 11%) to compression garment or bandage [57] . Previous research suggested that wearing a compression garment alone results in a moderately significant reduction in BCRL [58] . Considering the intractable nature of BCRL, an integrative treatment [53] , there still seems to be inadequate information provided by authors of such studies. This is not uncommon and other systematic reviews have also highlighted these failures [59, 60] . Heterogeneity of the parameters used in the included studies and variable methods of application, along with differences in treatment regimes, all contribute to the difficulties of pooling information to make definitive statements regarding this use of LLLT (PBM) for BCRL. That being said, the normal genesis of treatment guidelines will result in many studies that show variation or contradictory results. Until patterns are recognized on a consistent basis across studies, the window of effective parameters cannot be identified. From all 11 studies included in this review, infrared wavelengths (808-905 nm) have been most commonly employed to date, and reported energy densities in the range of 1.5 J/cm 2 -2.4 J/cm 2 have delivered positive outcomes. In comparison, effective energy densities for tendinopathy range from 1.8 J/cm 2 to 19.2 J/cm 2 depending upon the location of the tendon [59] . The reported frequency and duration of treatment is however too varied to make any strong statements, but a minimum of 4 weeks seems to be required.
The current review has adopted robust methodology to minimize the risk of bias. Firstly, it implemented most of the items listed in the AMSTAR checklist [56] , therefore has a high methodological quality score (internal validity) of 9/11 (two points were missing because of the lack of a priori review protocol registry and an assessment of publication bias due to the qualitative analysis methodology). Secondly, in terms of the external validity, reporting of this review strictly adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [61] to ensure research replication. Thirdly, for data synthesis, subgroup analyses stratified by control comparisons and outcome measures were performed to address the influence of clinical (as well as statistical) heterogeneity. Fourthly, conclusions of the review were synthesized from seven RCTs with high methodology quality.
The primary limitation of this systematic review derived from the small number of included studies and lack of conclusions regarding the longer-term effects of LLLT (PBM) for BCRL management. Findings of this review suggest future well-designed fully powered RCTs are needed to inform the superiority of different LLLT (PBM) interventions, and determine an optimal treatment protocol for this therapy.
Conclusions
Based upon the current systematic review, LLLT (PBM) in the management of BCRL is more effective for limb edema reduction than sham and no treatment at a short-term follow-up, and not more effective than other conventional treatments. Data suggest that LLLT (PBM) may be an effective treatment approach for women with BCRL. Due to the limited numbers of published trials available, there is a clear need for well-designed highquality trials in this area. The optimal treatment parameters for clinical application have yet to be elucidated.
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